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Abstract. Human activities have resulted in increased nutri-
ent levels in many rivers all over Europe. Sustainable man-
agement of river basins demands an assessment of the causes
and consequences of human alteration of nutrient ﬂows, to-
gether with an evaluation of management options. In the con-
text of an integrated and interdisciplinary environmental as-
sessment (IEA) of nutrient ﬂows, we present and discuss
the application of the nutrient emission model MONERIS
(MOdelling Nutrient Emissions into River Systems) to the
Catalan river basin, La Tordera (north-east Spain), for the pe-
riod 1996–2002. After a successful calibration and veriﬁca-
tion process (Nash-Sutcliffe efﬁciencies E = 0.85 for phos-
phorus and E = 0.86 for nitrogen), the application of the
model MONERIS proved to be useful in estimating nutri-
ent loads. Crucial for model calibration, in-stream retention
was estimated to be about 50% of nutrient emissions on an
annual basis. Through this process, we identiﬁed the impor-
tance of point sources for phosphorus emissions (about 94%
for 1996–2002), and diffuse sources, especially inputs via
groundwater, for nitrogen emissions (about 31% for 1996–
2002). Despite hurdles related to model structure, observed
loads, and input data encountered during the modelling pro-
cess, MONERIS provided a good representation of the ma-
jor interannual and spatial patterns in nutrient emissions.
An analysis of the model uncertainty and sensitivity to in-
put data indicates that the model MONERIS, even in data-
starved Mediterranean catchments, may be proﬁtably used
by water managers for evaluating quantitative nutrient emis-
sion scenarios for the purpose of managing river basins. As
an example of scenario modelling, an analysis of the changes
in nutrient emissions through two different future scenarios
allowed the identiﬁcation of a set of relevant measures to
reduce nutrient loads.
1 Introduction
The water quality of European rivers has improved signiﬁ-
cantly over the last few decades thanks both to EU and na-
tional legislation and enforcement, and to changes in social
attitudes towards the environment (EEA, 1999, 2003). In par-
ticular, the European Water Framework Directive (WFD, Di-
rective 2000/60/EC) has been designed to achieve good eco-
logical and chemical status for all European water bodies by
2015 (WFD, 2002), promoting a new approach to water and
land management through river basin planning. One of the
aims of the WFD is to reduce the impacts of eutrophication
caused by excess nutrient inputs through point and diffuse
pollution from urban and rural areas. To assess whether this
objective can be achieved, modelling of nutrient ﬂuxes under
plausible future scenarios is necessary. This requires an un-
derstanding and analysis of past and present nutrient sources,
magnitudes of inputs and distribution of loads within sub-
catchments.
Models are useful assessment tools for the quantiﬁcation
of pollution pressures by nutrients (De Wit, 2000). Over
the last decades, many different models of nutrient trans-
port, retention and loss in river basins have been devel-
oped and applied to European river basins (Kronvang et al.,
1995; Arheimer and Brandt, 1998; Behrendt et al., 2000;
Dumont et al., 2005; Harrison et al., 2005). Conceptual,
physically-based process models have been developed to
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describe pollutant mobilisation, transport and retention in
soils, groundwater and surface waters (Conan et al., 2003;
Billen and Garnier, 2000; Arnold et al., 1998; Whitehead et
al., 1998). Simpler empirical catchment models have been
based on the export-coefﬁcient approach (Hetling et al.,
1999),GIS-basedmassbalancemethod(Pieterseetal.,2003)
and statistical regressions (Seitzinger et al., 2002; Behrendt
and Optiz, 2000). Each model was initially developed for a
different region and goal, and differed from other models in
its complexity, spatial and temporal resolution, and data re-
quirements. The selection of an appropriate model for a par-
ticular application must be made attending to these charac-
teristics, and will always be limited by data availability. In
general terms, a model needs to be functional with respect to
scale (Addiscott, 1993), having a degree of complexity that
will depend on the area of the catchment to be modelled, with
simpler models generally applied to larger catchments (Ad-
discott and Mirza, 1998; Whitmore et al., 1992).
Among the large number of models available for assess-
ing nutrient loads, MONERIS (MOdelling Nutrient Emis-
sions in RIver Systems) is a steady-state, conceptual lumped-
parameter model that has been widely used, especially in
northern and central Europe, to estimate annual nitrogen
(N) and phosphorus (P) loads (Behrendt and Opitz, 2000;
Behrendt et al., 2000; Venohr et al., 2009). MONERIS pro-
vides estimates of emissions through different point and dif-
fuse pathways, and estimates of retention in the stream net-
work. MONERIS is appropriate for estimating the point and
diffuse sources of nutrients in data-sparse catchments where
high temporal resolution dynamic models would be difﬁ-
cult or impossible to apply, and when a relatively rapid as-
sessment of the main nutrient emission pathways is needed.
These conditions are typical of many real-life management
situations in Mediterranean countries. To make the applica-
tion of the model reliable and effective, model calibration
must be followed by an analysis of uncertainties and sensi-
tivity. Appraisal of the sources of uncertainty is necessary
to evaluate the reliability of the model, while an assessment
of model sensitivity is required to determine the model re-
sponse to changes in driving factors, in particular land use
change and management scenarios. When used together with
a catchment model, scenarios can help evaluate potential
changes in nutrient ﬂows, providing a sound basis for future
decisions.
In the context of an integrated environmental assess-
ment of a Mediterranean river catchment (Caille, 2009), we
present an application of the model MONERIS to the esti-
mation and apportionment of nitrogen and phosphorus emis-
sions to the Catalan river La Tordera (NE Spain) for the
1996–2002 period, which corresponds to the implementa-
tion of the main waste water treatment plants in this catch-
ment. La Tordera serves as a test bench for the application of
a medium-complexity catchment model under conditions of
data scarcity that are typical of many Mediterranean catch-
ments. Our chief objective was to validate the application
Figure 1 
 
Fig. 1. Location of La Tordera catchment in Catalonia (southern
Europe), showing main land uses for the year 1997 and the river
network. Source: original, based on data from Catalan Cartographic
Institute (ICC, Institut Cartogr` aﬁc de Catalunya).
of MONERIS to La Tordera catchment in order to explore
future scenarios in the context of river basin management
plans (Caille et al., 2007), as required by the European WFD.
For this purpose we undertook a compilation of data on di-
rect and diffuse nutrient emissions for the period 1996–2002,
and used these to calibrate and verify the estimated nutrient
loads using MONERIS over time and across subcatchments.
We also assessed sources of uncertainty in the model and
evaluated model sensitivity. Finally, we evaluated potential
changes in nutrient emissions under two different future sce-
narios and assessed them in terms of nutrient load reductions
in the context of basin management.
2 Study area
La Tordera basin (877km2) is located in Catalonia (NE
Spain), about 60km north-east of Barcelona. La Tordera
stream originates in the Montseny massif (maximum alti-
tude, 1712ma.s.l.), and runs for about 60km along the val-
ley formed by this massif and the coastal mountain range of
Montnegre before ending in a delta between two important
tourist towns, Malgrat de Mar and Blanes (Fig. 1).
The catchment geology is composed mainly of solid, poor
porosity plutonic and metamorphic rocks overlaid by sandy,
unconsolidated quaternary deposits, forming wide terraces
and a signiﬁcant ﬂuvial aquifer in the mid and lower sections
of the river. Most of the catchment is dominated by relatively
young, unstructured soils, calcic cambisols in the northern
andwesternpartofthecatchment,andeutriccambisolssouth
and east of the main stem of La Tordera.
The climate is sub-humid Mediterranean. Mean tempera-
ture ranged from 5 to 10 ◦C in winter (November-March) and
from 20 to 25 ◦C in summer (July–September); mean annual
precipitation was 780mmyr−1 over the 1996–2002 period,
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  Fig. 2. Annual precipitation (white) and mean annual discharge
estimated by the Sacramento hydrological model for the 28 sub-
catchments (grey) between 1996 and 2002 in La Tordera basin.
Source: ACA (2002b).
with large variations both temporally and spatially (Fig. 2).
The hydrologic regime of the streams follows the climato-
logical patterns, with low or intermittent ﬂows during sum-
mer and higher, permanent ﬂows from late autumn to early
spring. River ﬂow was also highly variable among years. For
example, at the Fogars gauging station (Fig. 3, subcatchment
14025) 10km upstreamthe mouthof LaTordera, mediandis-
chargefrom1994to2003was0.95m3 s−1,witharangefrom
0 to 170m3 s−1.
The catchment spreads over 25 municipalities in three
counties (La Selva, El Vall` es Oriental and El Maresme),
and includes sections of two natural parks: Montseny and
Montnegre-Corredor. The main land uses are forest and
grassland (77%), covering most of the mountainous terrain,
agricultural lands (16%), mostly on the low elevation north-
eastern part of the catchment, and urban and industrial lands
(7%), mostly along the main valley (Fig. 1). The popula-
tion of the catchment has nearly doubled over the last thirty
years, increasing from 59000 inhabitants in 1975 to 65000
in 1985, 76000 in 1995, and 103000 in 2005 (census data
from http://www.idescat.cat).
Today, the agency in charge of managing La Tordera is the
Catalan Water Agency (Ag` encia Catalana de l’Aigua, ACA).
This public organisation is the only water administration of
the Catalan government with full authority on the internal
catchments of Catalonia. From the end of the 1990s, as re-
quired by the Urban Waste Treatment Directive (UWWTD,
91/271/EEC), the Catalan government developed and imple-
mented strategic plans for the treatment of all urban and in-
dustrial waste waters – in 1995 and 2002 for urban waste
waters, and in 1994 for industrial waste waters (ACA, 2002a,
2003). More recently, waste waters from all towns with more
than 2000 inhabitants are treated, and point sources of nutri-
ents have decreased substantially since the ﬁrst plans for ur-
ban and industrial waste water were initiated (ACA, 2002a,
2003; Prat et al., 2005; Jubany, 2008). In contrast, agricul-
tural diffuse N emissions remain largely unaddressed. For
example, at Forgars monitoring station, 14km upstream of
the river mouth, the mean concentration of soluble reactive P
has decreased from 0.22mgl−1 in 1990–1995 to 0.07mg l−1
in 2000–2004, whereas the mean concentration of nitrate has
decreased only from 1.81 to 1.32mgl−1 between the same
two periods.
3 Methodology
3.1 The MONERIS model
MONERIS was originally developed to estimate point and
diffuseannualnutrientemissionsinGermanrivercatchments
larger than 50km2 (Behrendt et al., 2000). It has subse-
quently been applied throughout Europe, e.g. to the Elbe,
Rhine (De Wit and Behrendt, 1999; De Wit, 2000), Odra
(Behrendt et al., 2003; Behrendt and Dannowski, 2005),
Danube (Schreiber et al., 2005), Po (Palmeri et al., 2005),
Axios, Daugava, and Vistula rivers (Kronvang et al., 2007).
For La Tordera, limited data availability advised against the
use of a complex, dynamic model with higher temporal res-
olution. Resorting to a simpler conceptually-based empirical
model still allowed us to assess the major emission pathways,
evaluate temporal and spatial changes in nutrient emissions,
and ascertain the main factors that affected nutrient mobilisa-
tion and transport to surface waters during the study period.
While temporal resolution is inevitably limited, MONERIS
can discern spatial patterns through the subdivision of the
catchment into subcatchments.
Based on precipitation and river ﬂow data, geographical
data on catchment land uses and physical characteristics, and
statistical data on nutrient inputs, MONERIS estimates an-
nual emissions of N and P from point sources, i.e. direct
industrial discharges and municipal waste water treatment
plants, and from a series of diffuse pathways that comprise
atmospheric deposition, erosion, surface runoff, groundwa-
ter, tile drainage and runoff from paved urban areas. Nutrient
loads are estimated as nutrient emissions from the catchment
minus in-stream nutrient retention. Results are expressed as
tonnes of P or N per year for total load, retention, total emis-
sions, and emissions through each of the pathways. Full de-
tails on MONERIS can be found in Venohr et al. (2009).
MONERIS is a spreadsheet model that consists of empir-
ical equations sought to be of general application through-
out Europe (http://moneris.igb-berlin.de/). In order to facil-
itate model calibration, veriﬁcation and sensitivity analysis,
we completely rewrote MONERIS in the R statistical pro-
gramming language (http://www.r-project.org/). Our version
differs from MONERIS only slightly in how in-stream nu-
trient retention is estimated, as discussed in the calibration
section below. All other equations are as described in Venohr
et al. (2009). In the remainder of the paper when we refer to
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  Fig. 3. Representation of the catchment and subcatchment borders
withtheirlabelsinLaTorderacatchment,andtherivernetworkwith
the location of waste water treatment plants (WWTPs) and monitor-
ing and gauging stations used for the calibration. Source: original,
based on data from ICC and Catalan Water Agency (ACA, Agencia
Catalana de l’Aigua).
the model MONERIS, the calculations discussed have been
made with the R version.
3.2 Model setup
In MONERIS, nutrient emissions and in-stream retention are
estimated for each subcatchment, and are then accumulated
down the stream network. In the present study, La Tordera
was divided into 28 subcatchments following a study of eco-
logical ﬂows carried out by the Catalan Water Agency (ACA,
2004). The subdivision was based on the location of gauging
stations and homogeneity in the hydrological response of the
subcatchments. This division was adopted in our application
of MONERIS in order to take advantage of modelled dis-
charge for all 28 subcatchments (Fig. 3).
Nutrient emissions and loads were estimated yearly from
1996 to 2002. The selection of this modelling period was
based on data availability. Modelled discharge data were
not available after 2002, while monitoring data were highly
variable before 1996, probably reﬂecting episodic point dis-
chargesofuntreatedurbanandindustrialsewage.Inaddition,
this was the period of implementation of waste water treat-
ment plants in the catchment.
MONERIS requires a variety of input data for each sub-
catchment. These are discussed below. Whenever available,
data were compiled yearly.
3.2.1 Spatial input data
The model needed not only an inventory of the limits of the
catchment, subcatchments, administrative areas (i.e. munici-
palities and counties), and the river network, but also an in-
ventory of the monitoring and gauging stations, waste wa-
ter treatment plants (WWTPs) and major industries. These
data were made available by the Catalan Cartographic Insti-
tute (ICC, http://www.icc.es/) and the Catalan Water Agency
(ACA, http://mediambient.gencat.net/) (Fig. 3). Total stream
length in each basin was estimated from these digital maps.
Land-use data were obtained from the ICC, which com-
piles ﬁve-yearly land-use maps of Catalonia (1992, 1997 and
2002, for the study period) based on Landsat imagery (30m
cell size). Figure 1 shows the distribution of major land uses
in the catchment in 1997. From these maps, we obtained the
area (km2) of each land use for the 28 subcatchments and for
the three different periods. For modelling purposes, irrigated
agricultural areas for the 28 subcatchments were assumed to
be tile drained lands.
To estimate nutrient inputs into surface waters by erosion,
the model required the mean slope, which was mapped for
the 28 subcatchments from a 30m cell size digital eleva-
tion model (DEM) obtained from ICC. Data on in-situ soil
loss(tyr−1)wereobtainedfromthePESERA(Pan-European
Soil Erosion Risk Assessment) map of soil erosion by wa-
ter (Kirkby et al., 2004; http://eusoils.jrc.ec.europa.eu). This
map is based on the European Soil Database, CORINE land
cover, climate data from the MARS project and a DEM
(Kirkby et al., 2004).
The hydrogeology of the subcatchments is represented in
MONERIS as four classes resulting from a combination of
good or poor porosity and shallow or deep groundwater (Ap-
pendix Fig. A1); these were obtained by digitising the hy-
drogeological map of Catalonia for La Tordera catchment
(SGC, 1992).
Because of a lack of good resolution maps of soil tex-
ture (percent sand, clay, loam, and silt) for the study area,
our estimates were based on various studies conducted on an
area adjacent to and partially including La Tordera catchment
(Dan´ es, 1984; Castro-Doria, 1996) and on the European Soil
Database (http://eusoils.jrc.ec.europa.eu). Data on the nitro-
gen and phosphorus content in topsoil (%) were not available
forthestudyareaeither.Therefore,anestimatewasproduced
based on the best judgment of experts from the Catalan De-
partment of Agriculture (DARP) and the Institute for Food
and Agricultural Research and Technology (IRTA), based on
their knowledge of past and current land use, types of crops
grown on agricultural land and studies on nearby sites with
similar soil conditions.
3.2.2 Point source data
All data required by the model to estimate nutrient emissions
from the urban and industrial waste water treatment plants
(WWTP), such as year of implementation or changes in op-
eration, outﬂow discharge, annual loads of N and P, and nu-
trient removal efﬁciency, were provided by the ACA. Gaps
in discharge and nutrient concentration data for WWTP out-
ﬂows were ﬁlled with estimates based on inhabitant equiva-
lents, mean domestic and industrial N and P per capita emis-
sions as reported by ACA, and treatment efﬁciency for each
WWTP.
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The collection of statistics on industrial waste waters not
connected to municipal WWTPs by the ACA started only in
2001 as part of the new strategic plan for the treatment of all
industrial waste waters, i.e. PSARI 2003 (ACA, 2003). No
data were available before 2001.
3.2.3 Monitoring data
Model performance was calibrated against observed nutri-
ent loads. These were estimated from monthly measurements
conducted by ACA at selected monitoring stations (Fig. 3).
These data included the following nutrient concentrations:
nitrate (NO−
3 ), nitrite (NO−
2 ), ammonia (NH+
4 ), Kjeldahl ni-
trogen (TKN), soluble reactive phosphorus (SRP), and total
phosphorus (TP). Data for TP were unavailable or scattered
before 2002, and TKN measurements were too scarce to be
used for load estimation. Therefore, the model was calibrated
against dissolved inorganic nitrogen (DIN, the molar sum of
nitrogen as nitrate, nitrite and ammonia) and SRP. Out of the
22 monitoring stations in La Tordera, some were out of ser-
vice, others provided data only from the end of the 1990s,
and for all of them data collection was somewhat irregular,
especially during the 1990s. Eight stations had sufﬁcient data
for calibration (i.e. 56 data points; see “Calibration process”
below).
Data on discharge and precipitation per subcatchment
were needed to run the model. Discharge is used in the
model to estimate groundwater and lateral discharge from
the subcatchment water balance, and for the estimation of
observed loads. Precipitation is used in the estimation of
surface runoff, erosion and urban diffuse sources. Mean an-
nual discharge (Q, m3 s−1) for each subcatchment was ob-
tained from ACA’s analysis of ecological ﬂows for the in-
ternal catchments of Catalonia, where the Sacramento hy-
drological model was calibrated in each catchment against
monthly discharge from existing gauging stations, and then
used to estimate discharge for each of the 28 subcatchments
deﬁned for La Tordera (values of goodness of ﬁt between
0.71 and 0.92; ACA, 2002b).
Data on mean annual precipitation (mm) for each sub-
catchment were also obtained from ACA (2002b), which
provided mean precipitation spatially interpolated for each
subcatchment from the 6 meteorological stations within or
around the catchment (Fig. 2).
3.2.4 Statistical data at the administrative level
Statistical data at the municipality and regional levels that
were required by the model, including data on population,
crops, and livestock, were provided by the city halls and the
Catalan Statistical Institute (IDESCAT).
The number of inhabitants in urban areas connected to
sewage systems was estimated from information provided by
the strategic plan for the treatment of all urban waste waters,
i.e. PSARU (ACA, 2002a), and the concerned city halls. The
following classiﬁcation was used: connected to combined
sewers; connected to sewers but not to WWTPs; and con-
nected to neither WWTP nor sewer. These data were only
available for the year 2001 (PSARU 2002) (ACA, 2002a).
Therefore, we used 2001 as a baseline against which we
corrected for changes in connected inhabitants in previous
years based on the year of implementation of WWTPs and
the number of inhabitants per subcatchment.
Nitrogen surplus (i.e. the balance between nitrogen inputs,
mainly through atmospheric deposition, N ﬁxation and fer-
tiliser application, and outputs, mainly through harvest and
ammonia volatilisation) is a key predictor of the nitrogen
load that is potentially mobilised and transported to surface
waters. It is also notoriously difﬁcult to estimate with any
accuracy. We used the OECD/Eurostat Soil Surface balance
method (OECD, 2001). This method combines the use of
statistics on crop harvests and the number of farm animals to-
gether with agronomic technical coefﬁcients and land cover
datatoestimatenitrogeninputstoandoutputsfromeachsub-
catchment. The DARP, the National Association of Fertiliser
Producers (ANFFE) and waste managers were the main
sources of data on fertilisers and manure farming production.
Statistics on livestock were provided by the IDESCAT. Data
on sewage sludge were provided by the ACA.
Oxidised and reduced nitrogen atmospheric deposition
rates (NOx, NHx, kg N ha−1 yr−1) were obtained from the
Cooperative Programme for Monitoring and Evaluation of
the Long-Range Transmission of Air Pollutants in Europe
(EMEP, http://www.emep.int/). From point measurements,
the Uniﬁed EMEP model generates a 50×50km2 resolution
grid that is available at yearly resolution for the study period.
3.3 Calibration and veriﬁcation process
Among the twenty-two monitoring stations in the basin, we
selected the eight stations that had both regular collection
of SRP and DIN concentration data (i.e. monthly measure-
ments) and daily discharge time series from 1996 to 2002
(Fig.3).Nutrientloadswereestimatedastheproductofﬂow-
weighted mean concentration and mean annual discharge:
L =
n P
i=1
CiQi
n P
i=1
Qi
·Q (1)
where, for a given year, L is the annual load of phosphorus
or nitrogen (t yr−1), Ci is the concentration of SRP or DIN
(mg l−1), Qi is the daily ﬂow, n is the number of days with
concentration data, and Q is the mean daily ﬂow in the hy-
drological year (deﬁned from 1 October through 30 Septem-
ber).Lackofcorrelationbetweeninstantloadsanddischarge,
and high intra-annual variability, without any clear, repeat-
ableseasonalpattern,preventedtheuseofmoresophisticated
estimation methods as implemented, for example, in LOAD-
EST (Runkel et al., 2004).
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MONERIS is a calibrated model, and although one would
ideally want to recalibrate all its empirical parameters, this is
notpossiblewhendataarescant.Inthisapplication,thenum-
ber of observed data points was 56 (8 stations times 7yr), so
calibrating more than two or three parameters would have
quickly compromised statistical power. Therefore, the strat-
egy followed here was to calibrate the minimum number of
parameters that would yield an acceptable ﬁt (i.e. E > 0.8,
see below).
MONERIS estimates loads as the difference between
catchment emissions and in-stream retention processes. Re-
tention accounts for the fact that modelled emissions from
the catchment generally overestimate observed nutrient loads
due to temporary storage or permanent losses of nutrients
occurring in the river network and riparian areas (Behrendt
et al., 2002, Alexander et al., 2000; Howarth et al., 2002).
Retention can be very high, especially in headwater catch-
ments where low ﬂows allow contact between the nutrients
in transport and the biologically active streambed (Peterson
et al., 2001; Mart´ ı et al., 2006; Hejzlar et al., 2009). Because
retention processes are important in small catchments such
as La Tordera (von Schiller et al., 2008), in this application
we calibrated MONERIS for nutrient retention parameters.
Speciﬁcally, nutrient retention was modelled as a function of
speciﬁc runoff (discharge divided by catchment area, ls−1
km−2) (Venohr et al., 2009), and the parameters α and β
were calibrated independently for P and N according to the
following equation:
R = 1−
1
1+β ·(Q/A)α (2)
where R is the fraction of emissions that is retained in the
stream network, Q is discharge (ls−1), and A is catchment
area in km2.
Calibration was performed by direct search in a limited
parameter space after visual exploration of potential param-
eter values around the values given in Venohr et al. (2009).
The objective function for calibration was the Nash-Sutcliffe
coefﬁcient of efﬁciency, E (Nash and Sutcliffe, 1970):
E = 1−
Pn
i=1(Oi −Pi)2
Pn
i=1(Oi −Oavg)2 (3)
where Oi is the observed data point, Pi is the modelled data
point, Oavg is the mean of the observed data series, and n is
the number of data points. E is preferred over correlation or
linear regression’s R2 as a measure of goodness-of-ﬁt, be-
cause it penalises deviations from the 1:1 relationship be-
tween observed and modelled values (i.e. systematic biases
in modelled values). In the calibration process, E was eval-
uated on both untransformed and log-transformed observed
and modelled loads. The log transformation was required by
the biased distribution of loads and the multiplicative na-
ture of errors in catchment models (Grizzetti et al., 2005).
After automatic calibration, the obtained parameter set was
tweaked manually to improve the ﬁt on load vs. time graphs.
To verify the robustness of the model ﬁt, automatic cali-
brations were run on all combinations of four years out of
the seven years in the 1996–2002 period, i.e. 35 model com-
binations, and the model was run after each calibration on the
three remaining years in the series.
3.4 Uncertainty and sensitivity analysis
Evaluating uncertainty is crucial to assessing the reliability
of the estimates produced by a model (Rode and Suhr, 2007).
Our analysis was based on a qualitative assessment of the re-
liability of input data. Input data were assigned scores based
on perceived quality. Thus, each source of data was assigned
a reliability rating from 1 to 5, where 1 means most reliable
and 5 means least reliable. Data sources related to inputs,
stocks or annual surpluses of nutrients in agricultural areas
received the worst reliability score in the assessment of in-
put data uncertainty (Table 1). For instance, it was difﬁcult
to obtain data on N and P content in arable topsoil or maps
of the different soil classes that are needed to derive the av-
erage nutrient concentrations in tile drained water. This was
mainlyduetoalackof studies intheinvestigatedbasin.Also,
limited data availability on N inputs and outputs made N
surplus estimates very uncertain. Data on point sources im-
proved over the course of the study period, but were overall
less reliable that one might have expected, especially for in-
dustrial sources.
Sensitivity analysis complements uncertainty analysis by
providing information on the inﬂuence of model inputs or
parameters on model outputs (Saltelli et al., 2000; Brown et
al., 2001). In this application we focused on the sensitivity of
the model to variations in input data. For each input data item
that was analysed, the original data were varied from −15%
to +15% their current values (the change was applied to all
subcatchments) in steps of 5%, and the calibrated model was
subsequently run. The set of input data included in the sen-
sitivity analysis was: P deposition, NOx deposition, NH+
4
deposition, annual precipitation, on site soil loss, P and N
content in topsoil, tile drained area, N surplus and number of
inhabitants.
3.5 Scenario analysis
Modelling changes in nutrient emissions through scenarios
is essential for water managers and planners to work on nu-
trient pollution (Langan et al., 1997; Kronvang et al., 1999).
Once the application of MONERIS to La Tordera catchment
has been validated, the model can be used to explore future
scenarios in the context of river basin management plans. As
an example, we applied MONERIS to predict changes in nu-
trient emissions under two different scenarios characterized
bydistinctmanagementregimes,showingthepotentialofthe
model as a decision support tool for the evaluation of catch-
ment management strategies.
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Table 1. Reliability rating of the sources of data. Scores range from
1 to 5, where 1 is most reliable and 5 is least reliable.
Variable Reliability
Climatic and hydrological characteristics
Mean annual precipitation 1–2
Long-term annual precipitation 1–2
Mean stream discharge 2
SRP concentration 2–3
DIN concentration 2–3
Land use, except urban areas 1
Urban and industrial areas 2
Industrial and urban point sources (WWTPs)
Mean nutrient annual loads 2–3
Mean annual efﬂuent discharge 2
Removal efﬁciency of N and P 3
Connected inhabitants 2–3
Equivalent inhabitants from industries 2–3
Diffuse sources
NOX deposition 2
NH+
4 deposition 2
Area of surface water 2–3
On-site soil loss 2–3
P and N content of arable topsoil 5
Mean catchment slope 1–2
Drained agricultural area 2–3
N surplus 4–5
Inorganic fertilizers 2–3
In this analysis we evaluated two quantitative scenarios
for La Tordera that were based on narrative scenarios pre-
viously developed through a participatory process (Caille et
al., 2007).Targeting the2030 horizon, participants to awork-
shop where the principal stakeholders of the catchment were
represented came up with four scenarios for La Tordera, four
imaginedfutureswhereconﬂictsbetweeneconomicdevelop-
ment, social welfare and environmental protection were var-
iously resolved within realistic boundaries. It is important to
notice, therefore, that the goal of the scenarios was not catch-
ment management for the reduction of nutrient emissions.
As an example of scenario modelling, we only consider
here the two most extreme scenarios. The “Inertia” or “Busi-
ness as Usual” (BAU) scenario assumed the continuation of
currentpracticeswithnoactiveinterventioninenvironmental
management and with economic development in the catch-
ment being driven by short-term planning and market forces.
In contrast, the “Sustainability” (or “Deep Green”) scenario
was characterized by longer-term planning and market forces
tempered by social and environmental goals, with stronger
actions addressing the problem of diffuse pollution. Scenar-
ios were evaluated against the present situation (the “Cur-
rent” scenario), which corresponded to the year 2002, the
endpoint of our modelling period (1996–2002). To account
for interannual climate variability, precipitation for each sub-
catchment and for all the scenarios, including the “Current”
scenario, was calculated as the mean annual precipitation for
the period 1996–2002.
Intranslatingthequalitativetrendsintoquantitativetrends,
we took into account the data items to which the model was
more sensitive when applied to La Tordera, according to the
sensitivity analysis previously performed for the model. Al-
though the model was strongly sensitive to annual precipi-
tation, we did not consider climate change in our scenarios
because the simpliﬁed hydrological modelling of MONERIS
would not permit it; in addition, dynamically downscaled
regional climate change projections for IPCC A2 and B2
scenarios for La Tordera region show no signiﬁcant change
in mean annual precipitation up to around 2075. Therefore,
modelled impacts for each of the two scenarios on nutrient
emissions were based mainly on the following input data:
number of inhabitants and related data (i.e. urban and indus-
trial point sources), atmospheric deposition, nutrient content
in topsoil, tile drained area, N surplus and land uses. The
projected trend for each of these parameters was based on
their values in the year 2002 (or 2007, if available).
Based on the number of inhabitants in the year 2002 and
following past and current trends over the last thirty years,
the population was projected to increase by approximately
57% for the BAU scenario, while in the “Sustainability” sce-
nario the population was projected to eventually stabilize at
the 2002 level (Table 2). According to the current planning
for urban and industrial waste waters and to the manage-
ment trends for each scenario, the number of treated inhab-
itants was projected to increase for both scenarios, but most
strongly for the “Sustainability” scenario, where 96% of the
total population was projected to be connected to waste wa-
ter treatment plants (or other forms of waste water treatment,
such as constructed wetlands). This corresponds to an in-
crease of 69% of the total population connected compared
with 2002. Unlike the BAU, which follows the current plan-
ning for waste waters, it was assumed for the “Sustainability”
scenario that the tertiary treatment of WWTPs would im-
prove, providing nutrient removal efﬁciencies increased by
5% for P and 14% for N. Industrial loads were assumed to
decrease only for the “Sustainability” scenario (50%). Full
details on the scenario development and quantiﬁcation pro-
cesses can be found in Caille et al. (2007) and Caille (2009).
4 Results
4.1 Model calibration and veriﬁcation
The calibration was performed for the hydrological years
1996 to 2002. The original version of MONERIS used two
different retention coefﬁcients, one for diffuse sources in the
stream network, and one for point sources and inputs from
www.hydrol-earth-syst-sci.net/16/2417/2012/ Hydrol. Earth Syst. Sci., 16, 2417–2435, 20122424 F. Caille et al.: Modelling nitrogen and phosphorus loads in a Mediterranean river catchment
Table 2. Quantiﬁcation of all the parameters that have an impact on nutrient emissions for the two scenarios elaborated for La Tordera basin.
Percent changes refer to the “Current” scenario (see text).
Data sources
Scenarios
BAU Sustainability
General input (i.e. climatic and hydrological characteristics and diffuse sources)
NOx deposition +40% −50%
NHx deposition +10% −25%
Content of P in topsoil +50% −50%
Content of N in topsoil +50% −50%
Tile drained area −25% −25%
N surplus +38% −50%
Inhabitantsa Max: +57%, Min: +15% Stable
% Separate none 1/2 of sewers
% Combinedb +36% +69%
% No WWTP −43% −83%
% Not connected −53% −100%
Industrial and urban point sources (WWTPs)
Industrial N, P load Stable −50%
Treated eq. inhabitants +29% −8%
P removal efﬁciency Stable +5%
N removal efﬁciency Stable +14%
Land use
Arable −20% −20%
Forest Stable +2,3%
Grassland +5% +9,2%
Open water Stable Stable
Open land Stable Stable
Urban +31,5% Stable
Wetland Stable Stable
a The changes in percentage are dependent on the number of inhabitants. b The changes in percentage are
calculated based on the “Current” scenario and the total number of inhabitants.
upstream catchments, which applied only to the main chan-
nel. After several calibration attempts, in this application a
single retention factor was applied to all emissions. Main
channel retention of inputs from upstream catchments was
found to be almost negligible, and was adjusted by a factor
of 2% retention.
Also, inspection of observed and modelled data versus
year revealed a signiﬁcant underestimation of loads for the
earlyyearswhenthemodelwascalibratedagainstlateryears.
We attributed this to the fact that industrial waste water
treatment was progressively implemented over the previous
decade and that direct industrial inputs were available only
for 2001 but could be expected to be greater as one moved
back in time. To correct for this bias, which reﬂected an un-
certainty in input data, the model was calibrated for a cor-
rection factor that increased industrial inputs yearly from
2001 backwards towards 1996. This improved the model ﬁt,
especially for the last subcatchment, which is heavily im-
pacted by industrial efﬂuents. Nonetheless, differences in
Nash-Sutcliffe efﬁciencies (E) between calibration runs cor-
rected or uncorrected for industrial inputs were small (0.02
forP and 0.06 forN), andE was in all casesgreater than 0.8.
After calibration, the modelled annual P and N loads
showed good agreement with the observed loads (Fig. 4), as
measured by the Nash-Sutcliffe coefﬁcients (E =0.85 for P,
and E =0.86 for N for log-transformed data; E =0.85 for P,
and E =0.81 for N for non-transformed data). The deviation
between modelled and observed values was lower than 50%
for 74% of P load estimates and 77% of N load estimates.
The calibrated retention parameters were similar for both N
and P and within the ranges reported by Venohr et al. (2009)
(P: α = −1, β = 3.2; and N: α = −1.3, β = 6), resulting in
meanretentionfactorsof46%forP (90%ofvaluesbetween
25% and 62%) and 52% for N (90% of values between
24% and 72%).
Inspection of model ﬁt to interannual variation and trends
in the eight calibration subcatchments showed good overall
agreement between model and observed loads, but also sys-
tematic biases for some subcatchments (Fig. 5). P and N
loads were better modelled in the four stations closest to the
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Figure 4 
 
  Fig. 4. Plots of modelled versus observed values of total phosphorus and total nitrogen for the different years of the study period. The dashed
lines represent a 50% deviation.
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Fig. 5. Temporal evolution of observed and modelled loads of phosphorus and nitrogen for the four stations closest to the river mouth along
the river, i.e. those corresponding to subcatchments 14015, 14023, 14024 and 14028 (Fig. 3).
river mouth along the main channel (Fig. 3). The greatest
disagreement between modelled and observed loads corre-
sponded to the evolution of P and N loads at subcatchment
14024, where the model almost consistently overestimated
observed values. Also, modelled N loads at subcatchment
14023 did not ﬁt the observed trend between 1996 and 2000
(Fig. 5). The general trend from 1996 to 2002 was a reduc-
tion of P and N loads with some ﬂuctuations for the eight
sub-basins.
The veriﬁcation of the model showed that the calibration
was not unduly sensitive to the selection of a calibration pe-
riod, which was a concern because interannual catchment hy-
drology variability is large in Mediterranean climates. Mean
Nash-Sutcliffe efﬁciencies for veriﬁcation sets were slightly
lower than efﬁciencies for calibration sets for P, and were
more variable for N than for P. In all cases, however, E val-
ues were above 0.75 (Fig. 6).
4.2 Partitioning of nutrient emissions
P emissionsweredominatedbyurbanandindustrialsources,
which together accounted for about 94% of total emissions
in 1996–2002 (Table 3). Among the other sources of emis-
sions, groundwater ﬂow contributed about 2–3% of total P
emissions, varying between 1.4 and 3.68tyr−1 during the
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Fig. 6. Veriﬁcation of R version of MONERIS for La Tordera. Cal-
ibration boxplots summarize Nash-Sutcliffe efﬁciencies for 35 au-
tomatic calibrations of the model (all combinations of four years
in the period 1996–2002). Veriﬁcation boxplots are for model runs
with the parameter set from each calibration on the three years not
used in the calibration for each of the 35 models runs.
study period. Erosion, surface runoff, tile drainage and at-
mospheric deposition contributed together only around 3.5%
of P emissions. The partitioning of the P emissions among
subcatchments correlated with the land-use distribution, with
high P emissions along the main valley and lower Tordera
(Table 3 and Fig. 1).
According to the model, total P emissions into La Tordera
river basin decreased by about 42% during the 1996–2002
study period (Table 3), corresponding to a decrease of about
10% per year between 1998 and 2001 and about 7 and 4%
for1997and2002,respectively.ThedecreaseofP emissions
during the study period was mainly the result of reductions
in industrial and urban sources. Nonetheless, these sources
remained the most important pathways of P emissions, with
a contribution of 92% of the total P emissions in the catch-
ment in 2002. Loads from WWTPs declined over the period
despite an increase in connected inhabitants.
In contrast to P emissions, N emissions were dominated
by inputs via groundwater (31% of N emissions on aver-
age during the study period), followed by urban and indus-
trial sources, which together contributed around 58% of to-
tal emissions in 1996–2002 (Table 3). Tile drainage was an-
other source of consideration, with a contribution around
8.6%. The remaining sources (erosion, surface runoff and
atmospheric deposition) contributed together only 2% of N
emissions. The partitioning of the N emissions among sub-
catchments correlated with land-use distribution (Table 3 and
Fig. 1), with substantial urban sources along the main chan-
nel and lower Tordera and signiﬁcant agricultural sources es-
Figure 7 
 
  Fig. 7. Model sensitivity to input data for phosphorus and nitrogen.
Input data item box plots across subcatchments summarise the sen-
sitivity of the model.
pecially in the Santa Coloma basin (the northeastern part of
the catchment) and lower Tordera. In headwater subcatch-
ments, groundwater sources were important in relative terms,
but low in magnitude.
Total N emissions into the river basin decreased by about
18% between 1996 and 2002, and were particularly low in
2000. The observed decrease in N emissions was mainly at-
tributable to reductions in industrial and urban sources. N
inputs from these two sources declined by about 56% and
22%, respectively, between 1996 and 2002. In most years,
an increase of N emissions from WWTPs corresponded to a
decrease of emissions from urban areas (i.e. from inhabitants
not connected to WWTPs and diffuse urban emissions).
4.3 Model sensitivity to input data
Results of the sensitivity analysis of model estimates of P
and N loads obtained by varying selected data items by
−15% to +15% of their actual values were mostly linear.
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Table 3. Contribution of the different sources to the emissions of phosphorus and nitrogen into the river basin in tonnesyr−1 and as a
percentage of the total emissions in the basin. Two periods, 1997–1999 and 2000–2002, are used to show changes in the estimation of
nutrient emissions based on the year 1996, the ﬁrst reliable year of model application.
Pathway
Phosphorus Emissions Nitrogen Emissions
1996 1997–1999 2000–2002 1996 1997–1999 2000–2002
tyr−1 % tyr−1 % tyr−1 % tyr−1 % tyr−1 % tyr−1 %
WWTP 14.6 12.7 14.5 14.9 10.5 14.7 91.2 12.1 108.3 16.0 117.7 19.7
Industry 64.4 56.0 52.4 53.7 34.5 48.4 171.7 22.8 139.8 20.7 91.9 15.4
Urban system 29.1 25.3 25.1 25.8 21.9 30.8 174.8 23.2 150.2 22.2 130.3 21.8
Atm. deposition 0.1 0.1 0.1 0.1 0.1 0.1 2.9 0.4 2.8 0.4 2.9 0.5
Surface runoff 1.6 1.4 1.1 1.1 0.7 1.0 14.1 1.9 9.4 1.4 7.0 1.2
Erosion 1.3 1.1 1.1 1.2 1.0 1.5 1.7 0.2 1.5 0.2 1.3 0.2
Tile drainage 0.9 0.8 0.9 0.9 0.7 1.0 62.3 8.3 57.7 8.5 51.8 8.7
GW 2.9 2.6 2.3 2.3 1.9 2.7 234.4 31.1 207.3 30.6 194.8 32.6
Total Emissions 114.9 97.6 71.3 753.3 676.9 597.7
Retention 52.0 45.2 44.9 46.0 38.8 54.5 340.8 45.2 337.6 49.9 334.5 56.0
Estimated Load 63.0 52.7 32.5 412.5 339.4 263.2
Observed Load 58.7 50.8 31.6 444.7 273.7 265.1
Therefore, we chose to plot model sensitivity to 5% in-
creases in the input data items considered. For both P and
N, annual precipitation was the input data item to which the
model was most sensitive, followed by the number of inhabi-
tants (Fig. 7). With a 5% increase in the annual precipitation
on all subcatchments, the outputs increased between 1.9%
and 6.9% for P, and between 2.4% and 5.6% for N. Among
the remaining data items, a 5% increase in population caused
a 0.02% to 3.3% increase in the modelled P load, and a
0.02% to 2.3% increase in the modelled N load, depending
on the subcatchment. For the other parameters related to P,
the changes in outputs were lower than 1%. With regards to
nitrogen, N surplus caused a change from 0.04% to 1.8%
in the output with 5% change in the input value. For tile
drainage and atmospheric deposition, the changes in outputs
were around 1%, and for the other parameters, the changes
in outputs were lower than 0.1%. Sensitivity to input data
varied among subcatchments depending on the partition of
nutrient sources (see maps in Appendix Fig. B1).
4.4 Changes in nutrient emissions under future
scenarios
Compared to the “current” scenario, total emissions of P
into the river basin decreased by 54.5% for the “Sustain-
ability” scenario (Table 4), with the most relevant input
sources, i.e. industrial and urban WWTPs, and diffuse ur-
ban sources, being reduced by 50%, 30.8% and 78.1%, re-
spectively. Among the other sources of P emissions (13%),
the contributions from erosion, tile drainage and surface
runoff decreased by 58.1%, 25% and 7.5%, while the in-
puts through groundwaters increased by 3.3% (Table 4 and
Appendix Fig. C1). In contrast, following current trends fo-
cused on economic and population growth, phosphorus emis-
sions projected for the BAU scenario increased by about
0.3%. The major part of this increase was due to urban point
sources (+42.8%) while the contribution of the total P inputs
into the river from the other pathways was almost the same
as the current situation (Table 4 and Appendix Fig. C1).
Regarding nitrogen, total emissions into the river basin
decreased by 34.5% for the “Sustainability” scenario (Ta-
ble 4). The implementation of strong actions addressing the
problem of diffuse pollution for the “Sustainability” scenario
reduced the inputs coming from the different diffuse path-
ways, and particularly from agriculture through groundwater
ﬂow (24%) and from urban areas (83%). Emissions through
atmospheric deposition and tile drainage, which made up
about 5.8% of total emissions of nitrogen, were reduced
by 52.8% and 57.2%, respectively. The remaining diffuse
sources, i.e. surface runoff and erosion, were projected to de-
crease by approximately 50%, while the urban point sources
emissions (WWTPs) showed a 24.6% increase. This was due
to the larger fraction of inhabitants connected to WWTPs,
which increased compared to the “Current” scenario (Table
4 and Appendix Fig. C1). In contrast, nitrogen emissions for
the BAU scenario increased by about 3%. This net increase
was mainly attributed to the increased urban point sources
(32.1%), tile drainage (10.4%) and erosion (25.8%), which
partially counterbalanced a decrease of the emissions from
theurbanareasandsurfacerunoff.Groundwater,whichisthe
most important pathway for nitrogen emissions, increased
slightly (0.9%) (Table 4 and Appendix Fig. C1).
www.hydrol-earth-syst-sci.net/16/2417/2012/ Hydrol. Earth Syst. Sci., 16, 2417–2435, 20122428 F. Caille et al.: Modelling nitrogen and phosphorus loads in a Mediterranean river catchment
Table 4. Contribution of different sources to the emissions of phosphorus and nitrogen into the river basin in tonnesyr−1 for the “BAU” and
“Sustainability” scenarios, compared to the “Current” scenario. The changes in percentage are calculated based on the “Current” scenario.
Phosphorus Emissions Nitrogen Emissions
Pathway Current BAU Sustainability Current BAU Sustainability
tyr−1 tyr−1 % tyr−1 % tyr−1 tyr−1 % tyr−1 %
WWTP 9.79 13.98 42.8 6.78 −30.8 117.2 154.8 32.1 146.0 24.6
Industry 28.48 28.48 0.0 14.24 −50.0 76.0 76.0 0.0 38.0 −50.0
Urban system 22.75 18.82 −17.3 4.97 −78.1 135.6 109.9 −19.0 22.6 −83.3
Atm. deposition 0.09 0.09 0.0 0.09 0.0 3.1 2.9 −5.7 1.5 −52.8
Surface runoff 0.79 0.63 −19.6 0.73 −7.5 8.7 7.5 −13.0 4.2 −51.2
Erosion 1.01 1.27 25.8 0.42 −58.1 1.3 1.6 25.8 0.5 −58.1
Tile drainage 0.74 0.62 −16.0 0.55 −25.0 50.0 55.2 10.4 21.4 −57.2
GW 2.07 2.00 −3.1 2.14 3.3 212.9 214.7 0.9 161.9 −24.0
Total Emissions 65.71 65.90 0.3 29.92 −54.5 604.7 622.7 3.0 396.2 −34.5
Retention 29.76 29.65 13.37 305.2 309.3 196.2
Load 35.95 36.25 16.55 299.5 313.4 199.9
5 Discussion
5.1 Patterns of nutrient loads and emissions in time and
space
Overtheperiod1996–2002,nutrientloads,asestimatedfrom
the model and from stream monitoring data, and nutrient
emissions, as estimated from the model, showed a declining
trend. This was mainly the result of the implementation and
improvement of urban and industrial waste water planning
strategies (PSARU in 1995 and 2002 for urban waste wa-
ters, and PSARI in 1994 for industrial waste waters) (ACA,
2002a, 2003). Despite this, at the end of the study period,
La Tordera was still dominated by urban and industrial ef-
ﬂuents, whether treated or untreated, especially for P, with
large emissions concentrated along the main valley and lower
Tordera.
Agricultural sources follow urban and industrial emissions
as the major source of P and, especially, N, but along differ-
ent pathways as corresponds to the different chemical nature
of the emissions. P has low solubility but readily adsorbs
to particles, while nitrate, the main form of inorganic nitro-
gen in oxic waters, is highly soluble and enters subsurface
and groundwater compartments with the water that inﬁltrates
in the soils (Novotny, 2003). Accordingly, the main path-
ways for P from agriculture were surface runoff and erosion,
while subsurface and groundwater pathways were important
for N. Agricultural sources of N were high both in absolute
and in relative terms in some subcatchments, especially on
the low-relief northwestern part of the catchment. The model
indicates a slight decline in diffuse emissions from 1996 to
2002, probably associated with reductions in fertiliser appli-
cation as a result of the implementation of the Nitrates Di-
rective and guidelines on best practices with regards to ni-
trogen fertilisers (Boixadera et al., 2000). Indeed, based on
the best data available for Catalonia provided by the national
association of fertiliser producers (ANFFE, Asociaci´ on Na-
cional Fabricantes de Fertilizantes), nitrogen inorganic fer-
tiliser application rates decreased from 73.7kgNha−1 in
1992 to 63.1kgNha−1 in 1997 and 49.2kgNha−1 in 2002.
As for phosphorus, the use of fertilisers decreased from
36.5kg P2O5 ha−1 in 1992 to 30.75kg P2O5 ha−1 in 1997
and 26.6kg P2O5 ha−1 in 2002. In addition, the downward
trend in diffuse nitrogen emissions may also be associated to
loss of agricultural land (a decrease of 19.2% over the pe-
riod 1992–2002, from 152km2 in 1992 to 123km2 in 2002)
and declines in atmospheric deposition (11.8% over the pe-
riod 1990–2002). In contrast to point sources, which had the
beneﬁt of direct policy changes that contributed to a pro-
gressive decline of nutrient emissions over time and across
subcatchments during the study period, the control of diffuse
sources did not receive as much ﬁnancial support. Thus, de-
spite a downward trend, the agricultural diffuse sources are
still largely unaddressed and their impact remains a problem
not only in La Tordera basin, but also in the management
of many river basins around the world (Basu et al., 2010;
Thompson et al., 2011).
Interannual variability around the declining trend from
1996 to 2002 was mainly associated with variability in pre-
cipitation, the input data item to which the model was most
sensitive. This is to be expected since wet years increase
the effective contributing area, enhance nutrient mobilisation
and transport, wash out nutrients accumulated on impervious
surface areas, and raise the probability of overﬂows in ur-
ban areas with combined sewers (Novotny, 2003; Grizzetti et
al., 2005). In the calibrated model, variability in precipitation
affected most strongly in-stream nutrient retention through
changes in discharge, and therefore speciﬁc runoff.
The retention term turned out to be crucial for model
calibration not only because of its sensitivity to interan-
nual climate variability, but also because of its magnitude.
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Fig. 8. Total nitrogen emissions (top panel, in tyr−1) and nitrogen retention (bottom panel, as a fraction of total nitrogen emissions) per
subcatchment on a dry year (2000, 670mm annual rainfall) and a wet year (2001, 727mm annual rainfall).
According to model results, on average about 50% of nu-
trient emissions are temporarily stored or permanently re-
moved from the stream network on an annual basis (46%
for P and 52% for N). The importance of in-stream nutrient
retention has been recognised both at reach (Peterson et al.,
2001; Mart´ ı et al., 2004) and river network scales (Alexan-
der et al., 2000; Behrendt and Opitz, 2000; Seitzinger et al.,
2002), with retention efﬁciencies that are commensurate with
those found in this study, especially for small basins where
low ﬂows increase contact between nutrients in transport and
the biologically active streambed (Peterson et al., 2001). Yet
the high retentions estimated for La Tordera are probably re-
lated to other factors. Firstly, MONERIS estimates total P
and total N, whereas calibration for La Tordera was per-
formed against dissolved inorganic P and N. Therefore, cal-
ibrated retention coefﬁcients must be seen as effective pa-
rameters that include correction for total to dissolved inor-
ganic forms. Secondly, MONERIS does not take into account
riparian areas, which may act as hot spots for nutrient re-
tention (Lowrance et al., 1984; Osborne and Kovacic, 1993;
Krause et al., 2008), nor other forms of retention during nu-
trient transport across the landscape (Haag and Kaupenjo-
hann, 2001); thus, the calibrated coefﬁcients must also ac-
count for these forms of retention. Finally, La Tordera is a
Mediterranean stream with low ﬂow in the summer, occa-
sionally drying out in some sections and years, and with a
large ﬂuvial aquifer in the middle and lower sections. As a
losing stream, a fraction of transported nutrients must ﬂow
into the hyporheos, where they might be lost through deni-
triﬁcation, through lateral ﬂow to the riparian vegetation and
wetlands, or vertically as river aquifer recharge (Hancock,
2002). This could partially explain why, contrary to expecta-
tions (Peterson et al., 2001), calibrated retention efﬁciencies
were higher in the lower Tordera than in headwaters (Fig. 8).
5.2 Uncertainties in the model application
Although the calibration and veriﬁcation of MONERIS was
successful, as measured by Nash-Sutcliffe efﬁciencies, sev-
eral sources of uncertainty that either added noise to mod-
elled values or produced biases in load estimates had to be
recognized, identiﬁed, and, to the extent that this was pos-
sible, quantiﬁed. Uncertainties had their origin in the model
structure, in observed loads and in input data.
As a calibrated, empirical steady-state model, MONERIS
isusefulforlarge-scale,rapidassessmentandapportionment
of loads, but has important limitations (Schoumans and Sil-
gram, 2003). The most signiﬁcant of these concerns catch-
ment hydrology. MONERIS does not model discharge, and
groundwater ﬂow is estimated from the water balance. This
is a concern especially for losing streams, as inﬁltration to
ﬂuvial aquifers is not considered in the water balance of the
stream, and this may result in underestimated groundwater
ﬂows. In this application to La Tordera, this means that dif-
fuse nutrient sources (especially nitrogen) through ground-
water ﬂow must be viewed as conservative estimates. On
the positive side, MONERIS allowed us to focus on data
collection and evaluation of data quality, and provided a
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Fig. A1. Hydrogeological map of La Tordera catchment.
Source: SGC, 1992.
robust (as measured by veriﬁcation) model of the major in-
terannual and spatial patterns in nutrient emissions. In data-
starved basins such as La Tordera, more complex models
might not have yielded increased predictive power (De Wit
and Pebesma, 2001). On the other hand, simpler statisti-
cal models (e.g. Smith et al., 1997; Grizzetti et al., 2005)
could not have provided as rich an image of the catchment as
MONERIS, as they would have been limited to a few param-
eters without regard to actual processes, posing a serious lim-
itation on scenario development. As a conceptually-based,
empirical model, MONERIS nicely bridges purely statistical
models and complex process-based models.
So-called observed loads, which were used in the calibra-
tion, were of course not observed but estimated from daily
discharge and nutrient concentrations. Because sampling fre-
quency was low, i.e. monthly at best, load estimates were ex-
pected to show large errors (Littlewood, 1995; Johnes, 2007).
Large variability in “observed” loads that appears trendless
and was not matched by modelled loads, especially for P
in headwater subcatchments, may be attributed to errors in
load estimates from monitoring data rather than to errors in
modelled data. In addition, according to ACA (2002b), dis-
charge was systematically underestimated in some gauging
stations, notably Fogars de Tordera (at subcatchment 14024),
and this could explain why the model consistently overesti-
mated nutrient loads at that station.
Some of the data sources for the model were remarkably
unreliable, notably N and P concentrations in topsoil and
N surplus. This issue highlights the deﬁciencies in data col-
lection by the concerned statistical agencies. For example,
despite the importance of diffuse sources for surface water
quality, there does not seem to be a concerted effort to col-
lect, with the appropriate quality controls, data on inorganic
and organic fertiliser application rates. This may be partly
blamed on a lack of cooperation between two governmen-
tal agencies with distinct constituencies and somewhat con-
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Fig. B1. Model sensitivity to input parameters for phosphorus (top)
and nitrogen (bottom) in La Tordera basin.
ﬂicting goals (i.e. the Department of Agriculture, DARP, and
the ACA), as suggested by a social analysis done as part of
an Integrated Environmental Assessment (Caille, 2009). In
contrast, point sources are largely under the jurisdiction of
the ACA; in spite of this, data on WWTP efﬂuents and, es-
pecially, industrial efﬂuents were found to be wanting. In-
dustrial point source data were only available from 2001 on-
wards. To correctly model temporal trends in nutrient loads,
we had to assume that industrial P and N emissions were
larger in the preceding years.
5.3 Uncertainty, sensitivity, and scenario development
Theanalysisofmodeluncertaintyandsensitivityisusefulfor
assessing the model’s potential for exploring catchment sce-
narios. With this goal in mind, we focused on model sensitiv-
itytoinputdata.MONERISwasfoundtobemostsensitiveto
changes in precipitation. This was to be expected, as the pre-
cipitation regime affects all diffuse emission pathways. How-
ever, MONERIS would not be suitable to explore climate
change scenarios because it does not explicitly model the
catchment hydrology. Among the other input data examined,
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the model was especially sensitive to the number of inhab-
itants (related to urban emission sources), on-site soil loss
and P content in topsoil (related to P emissions through ero-
sion), N surplus and tile drained area (related to N emissions
from agricultural areas), and atmospheric deposition (Fig. 7).
Therefore, N and P emissions should change noticeably un-
der catchment scenarios that involve changes in any of those
input data. For example, erosion control (i.e. protecting soil
from direct impact of rain and wind by keeping it covered
with plants) and stronger reductions in fertiliser application
should lead to a reduction of nutrient emissions coming from
on-site soil loss and N surplus, respectively. It is worth not-
ing that model sensitivity varies not only among nutrients but
also across subcatchments depending on their major emis-
sions pathways, which highlights the fact that model sensi-
tivity is always relative to a particular realisation of a model.
Analysing sensitivity to input data together with uncer-
tainty of input data also helps identify problem areas in
model application. The worst situation occurs when a model
is highly sensitive to input data that are only known with
uncertainty, because when this occurs, errors in source data
magnify and propagate to model outputs. In the application
of MONERIS to La Tordera, this is the case especially for P
emissions through erosion and for N emissions originating
in agricultural N surplus (Table 1, Fig. 7). Thus, model re-
sults, including scenarios, involving these pathways must be
viewed with caution.
5.4 Assessment of scenario analysis
The continuation of current practices and the lack of impor-
tant interventions for active environmental management as-
sumed for the BAU scenario resulted in a moderate increase
of the nutrient loads. The BAU scenario recognizes contin-
ued efforts towards the control of urban sources, which are
already planned or are being implemented, and these par-
tially compensate for the increase in urban waste waters due
to increases in population. In addition, this scenario recog-
nises further losses of arable lands, especially non-irrigated,
marginal lands, which again partially compensate for the in-
tensiﬁcation of agricultural practices in productive lands.
In contrast, the implementation of new stronger regula-
tions or the reinforcement of current regulations on water and
nutrient sources management in the “Sustainability” scenario
results in a substantial reduction of nutrient loads. This anal-
ysis revealed that active management of nutrient emissions
through the improvement of the sewage system and waste
water treatment, and the implementation of best agricultural
practices at the basin scale (mainly the reduction in the ap-
plication of fertilisers and the loss of agricultural land) can
help reduce nutrient emissions by 54.5% for P and 34.5%
for N. Similar reductions have been accomplished, for exam-
ple, in the Vistula and the Po river basins (Kowalkowski and
Buszewski, 2004; Palmeri et al., 2005).
The analysis of the changes in nutrient emissions, pre-
dicted for both scenarios, allows the identiﬁcation of a set of
relevant measures that could be implemented to reduce nu-
trient contamination and improve river water quality. These
include the improvement of sewage system and treatment,
the reduction in the application of fertilisers, the shift of
arable land to pasture or forest, and the restoration of ripar-
ian zones and wetlands. Consistent with the observation that
La Tordera is dominated by urban and industrial emissions,
especially for P, the scenarios strongly highlight the need to
reduce industrial emissions. The spatial resolution of simple
models like MONERIS also helps in identifying key areas
for the implementation of best agricultural practices that aim
at the reduction of diffuse nutrient sources.
6 Conclusions
Modelling nutrient emissions in real-life catchments using
monitoring data that are scant and of variable quality is
as critical to basin management as it is challenging. As a
case study, we have applied a simple conceptual model to
a Mediterranean catchment and unreservedly discussed the
impact of input data availability and reliability on model ap-
plication.
In spite of all the hurdles related to the model structure,
observed loads, and input data encountered during the mod-
elling process, MONERIS provided a robust model of the
major temporal and spatial patterns in nutrient emissions.
Interannual variability observed around the declining trend
wasmainlyassociatedwithvariabilityinprecipitation,which
governeddiffuseemissions,butalsoaffectedin-streamreten-
tion, estimated to be about 50% of nutrient emissions on an
annual basis.
The model showed that, in La Tordera basin, P emissions
were dominated by point sources, while inputs via ground-
water had the greatest contribution to total N emissions fol-
lowed by point sources. Despite the decrease in nutrient
emissions observed over time and across subcatchments for
the period 1996–2002, mostly related to the implementation
and improvement of urban and industrial waste water plan-
ning strategies, La Tordera basin is still dominated by urban
and industrial efﬂuents, especially for phosphorus. The im-
pact of agricultural diffuse sources to nutrient emissions, es-
pecially nitrogen, still remains a problem.
The analysis of the model uncertainty and sensitivity to in-
put data provided a good basis to explore the evolution of the
catchment under different pressures or management strate-
gies and helped to identify problem areas in model appli-
cation. By predicting changes in nutrient emissions through
scenarios,watermanagerscanworkonnutrientpollutionand
suggest management options to reduce the nutrient emissions
into the river.
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